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Abstract
A topological study of the yeast ATP synthase membranous domain was undertaken by means of chemical modifications
and cross-linking experiments on the wild-type complex and on mutated enzymes obtained by site-directed mutagenesis of
genes encoding ATP synthase subunits. The modification by non-permeant maleimide reagents of the Cys-54 of mutated
subunit 4 (subunit b), of the Cys-23 in the N-terminus of subunit 6 (subunit a) and of the Cys-91 in the C-terminus of
mutated subunit f demonstrated their location in the mitochondrial intermembrane space. Near-neighbour relationships
between subunits of the complex were demonstrated by means of homobifunctional and heterobifunctional reagents. Our
data suggest interactions between the first transmembranous K-helix of subunit 6, the two hydrophobic segments of subunit 4
and the unique membrane-spanning segments of subunits i and f. The amino acid residue 174 of subunit 4 is close to both
oscp and the L-subunit, and the residue 209 is close to oscp. The dimerisation of subunit 4 in the membrane revealed that this
component is located in the periphery of the enzyme and interacts with other ATP synthase complexes. ß 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction
The F1F0-ATP synthase is the major enzyme re-
sponsible for the aerobic synthesis of ATP. It exhib-
its a tripartite structure consisting of a headpiece
(catalytic sector), basepiece (membrane sector) and
a connecting stalk. The sector F1 containing the
headpiece is a water-soluble unit retaining the ability
to hydrolyse ATP when in a soluble form. F0 is
embedded in the membrane and is mainly composed
of hydrophobic subunits forming a speci¢c proton
pathway. The connecting stalk is constituted of com-
ponents from both F1 and F0. When the two sectors
are coupled, the enzyme functions as a reversible H-
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transporting ATPase or ATP synthase [1,2]. The
model for energy coupling by F1F0 ATP synthase
that has gained the most general support is the bind-
ing change mechanism [3]. This concept has been
strengthened by the establishment of the crystal
structure of the major part of the mitochondrial F1
[4,5]. The a⁄nity change of substrates and products
at catalytic sites is coupled to proton transport by
the rotation of the Q-subunit inside the K3L3 oligo-
mer [6^9]. The ATP synthase thus operates as a ro-
tary motor. In Escherichia coli, F1 has a rotor con-
sisting in subunits Q and O [10]. It has been proposed
that the rotational catalysis also involves the rotation
of the c-subunits relative to the single a-subunit in F0
for completion of the proton pathway [7,11]. As a
consequence, subunits K, L, N, a and b could be
components of the stator in E. coli.
Owing to its ability to grow on fermentable me-
dium and its well-known genetics, the yeast Saccha-
romyces cerevisiae is an appropriate eucaryotic or-
ganism for obtaining structural and functional
information of any subunit of the mitochondrial
ATP synthase. The yeast enzyme corresponds very
closely, but not identically, to the higher eucaryotic
enzyme. The E. coli ATP synthase and the bovine
enzyme contain 8 and 16 di¡erent types of subunit,
respectively [12]. In the case of S. cerevisiae, 13 dif-
ferent subunits are structural components whose
gene inactivation leads to an inactive complex [13].
Additional subunits are involved in the regulation of
the catalytic sector, such as the natural inhibitor IFI
[14] and stabilising factors in yeast [15,16]. Other
additional subunits (e and g) which have been iden-
ti¢ed in the beef enzyme [12,17] and found to be
associated to the membranous sector [18] have their
homologue in the yeast enzyme. The components e, g
and i do not appear to be essential for the structure
of the mitochondrial enzyme, since their respective
gene disruption does not signi¢cantly alter yeast
growth on non-fermentable carbon sources [19^21].
We have undertaken a topological study of the
yeast F0. Since the primary structure of each subunit
is known, we have used a combination of cysteine-
generated mutants with modi¢cation and cross-link-
ing reagents to examine by Western blot analyses,
the relationships between the stator subunits. The
yeast mitochondrial subunit 4 is a stator component
that is homologous to the b-subunit of beef heart
mitochondria [22]. The structure of the mitochon-
drial b-subunit is composed of two domains: the
N-terminal part which is predominantly hydrophobic
and in contact with hydrophobic subunits of the
membrane sector, and the C-terminal part which is
charged and hydrophilic and in contact with oscp,
subunits d and F6 [13,23]. Subunit 4 is considered
to traverse the membrane twice via two hydrophobic
stretches of amino acids, with the N- and C-terminal
parts emerging from the membrane on the F1 side
[23]. Like its counterpart, subunit b in E. coli, the
mitochondrial b-subunit appears necessary for a
tight coupling between proton £ux and ATP synthe-
sis [24^29]. It has been suggested that the E. coli b-
subunit is not a rigid rod-like structure, but has an
inherent £exibility compatible with a dynamic role in
coupling [30,31]. As a consequence, knowledge of the
structure of subunit 4 and its environment is essential
to understand the functional mechanism of both F0
and the whole complex. Other components of the
stator are subunits 6 and f. Subunit 6 is mitochon-
drially encoded [32] and is involved in the proton
channel like its counterpart the E. coli a-subunit. It
is an intrinsic protein which is likely composed of
¢ve transmembranous K-helices [33]. The N-terminal
part of the yeast subunit is located in the intermem-
brane space [34] where it is post-translationally modi-
¢ed [35]. Subunit f appears as an integral inner mem-
brane protein that crosses the membrane once from
amino acid residues 67^85. The null mutant mito-
chondria are devoid of oligomycin-sensitive ATPase,
but still contain an active F1, and the subunits f,
6 and 8 are absent, thus showing that subunit f is
involved at least in the structure of F0 [36]. In this
report, we provide data concerning: (1) the orienta-
tion of subunits 4 and f with respect to the inner
mitochondrial membrane; and (2) the relationships
between subunits 4, f, 6, i and oscp composing the
stator of the enzyme.
2. Materials and methods
ASIB, APDP and DSP were from Pierce. AMDA
and MPB were obtained from Molecular Probes.
APA-Br was from Sigma. All other chemicals were
of reagent grade quality. Oligonucleotides were pur-
chased from Genset.
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2.1. Strains
The S. cerevisiae strain D273-10B/A/H/U (MATK,
met6, his3, ura3) was the wild-type strain [28]. The
yeast mutants were named as (wild-type residue)(res-
idue number)(mutant residue) where the residues
were given a single-letter code. The strains containing
modi¢ed versions of subunit 4 were obtained after
complementation of the deleted-disrupted yeast
strain PVY10 (MATK, met6, ura3, his3, ATP4: :
URA3) by the low copy shuttle vector pDR1 con-
taining the wild-type ATP4 gene and the mutated
versions of ATP4 gene, respectively [34]. Similarly,
the strains containing modi¢ed versions of subunit
f were obtained by transformation of the SVY14
(MATK, met6, ura3, his3, ATP17: :URA3) strain
[36] by the low copy shuttle vector pDR1 bearing a
1980-bp BamHI^SalI DNA fragment containing the
altered ATP17 gene.
2.2. Biochemical procedures
Cells were grown aerobically at 28‡C in a complete
liquid medium containing 2% lactate as carbon
source [37] and harvested in logarithmic growth
phase. Mitochondria were prepared according to
Lang et al. [38] and Gue¤rin et al., [39] and suspended
in the isolation bu¡er (0.6 M mannitol, 0.5 mM
EGTA, 10 mM Tris^maleate, pH 6.8). Protein
amounts were determined according to Lowry et al.
[40] in the presence of 5% SDS. Bovine serum albu-
min was used as standard protein. The speci¢c ATP-
ase activity was measured at pH 8.4 according to
Somlo [41]. Crude mitochondrial extracts, MPB-la-
belling, AMDA protection and cross-linking experi-
ments with APA-Br and ASIB were performed as
described in [34]. Cross-linking with DSP was ac-
cording to Belogrudov et al. [18]. Immunoprecipita-
tion of the yeast ATP synthase was done according
to [42].
2.3. SDS-PAGE and Western blot analyses
SDS-PAGE was according to Laemmli [43] and
Scha«gger and Von Jagow [44]. The slab gels were
silver-stained according to Ansorge [45]. Two-dimen-
Table 1
Yeast ATP synthase subunits
Subunit Amino acids Mass
(Da)
Gene Stoichiometry Swiss-Prot
Accession number
F1 K 512 55 394 ATP1 3 P07251
L 478 51 256 ATP2 3 P00830
Q 278 30 649 ATP3 1 P38077
N 138 14 555 ATP16 1 Q12165
O 61 6 612 ATP15 1 P21306
F0 su.6 (a) 249 27 943 OLI2 (ATP6) 1 P00854
su.8 (A6L) 48 5 850 AAP1 (ATP8) 1 P00856
su.9 (c) 76 7 761 OLI1 (ATP9) 9^12 P00841
su.4 (b) 209 23 253 ATP4 1 P05626
oscp 195 20 874 ATP5 1 P09457
su.d 173 19 722 ATP7 1 P30902
su.f 95 10 567 ATP17 n.d. Q06405
su.h 92 10 408 ATP14 n.d. Q12349
Associated proteins IF1 63 7 384 INH1 1 P01097
9 kDa 63 7 287 STF1 n.d. P01098
15 kDa 83 9 455 STF2 n.d. P16965
su.e 95 10 744 TIM11 (ATP21) n.d. P81449
su.g 115 12 921 ATP20 n.d. Q12233
su.i 59 6 687 ATP18 n.d. P81450
su.k 68 7 533 ATP19 n.d. P81451
n.d., not determined.
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sional gel electrophoresis was described in [34]. West-
ern blot analyses were described previously [46].
Polyclonal antibodies raised against subunits 4,
oscp, f and i were used with a 1:10 000 dilution.
Anti- subunit 6 antibody was used with a 1:5000
dilution and streptavidin horseradish peroxidase
with a dilution of 1:1000.
3. Results and discussion
3.1. Composition of the yeast ATP synthase
Table 1 summarises the subunit composition of the
yeast enzyme. The ATP synthase is composed of 13
di¡erent subunits that are involved in the function
and are essential in the F1 or F0 structure. Except
subunits 6, 8 and 9 that are mitochondrially encoded
[47], all components are nuclear-encoded. Seven pro-
teins are more or less bound to the complex and
classi¢ed as associated proteins. Inactivation of their
structural gene does not signi¢cantly alter the cell
growth on non-fermentable medium. IFI, 9 kDa
and 15 kDa, are involved in the regulation of F1
activity. Although subunit i is tightly bound to the
complex, it is not an essential component of the ATP
synthase [48]. Other proteins (subunits e and g) have
been reported as involved in the dimerisation of the
yeast enzyme [49].
Signi¢cant amounts of yeast ATP synthase can be
obtained from mitochondrial membranes, ¢rst by ex-
traction with 0.375% (w/v) Triton X-100 and second
by gel permeation chromatography followed by an
ion exchange chromatography. When all the puri¢-
cation steps are performed in the presence of 0.1%
(w/v) Triton X-100, it is possible to keep the small
subunits e and g associated to the complex [48]. Sep-
aration of the di¡erent components is shown in Fig.
1. Our preparations are usually analysed with long
slab gels that are made according to Laemmli [43]
(Fig. 1A) or according to Scha«gger and Von Jagow
[44] (Fig. 1B). The latter gives an e⁄cient separation
of proteins with molecular masses that are in the
range of 3^10 kDa, but by contrast with what is
observed with the Laemmli method, subunits 4 and
6 are not resolved, and the subunit h migrates faster
than the N-subunit, but at its expected molecular
mass. Another interesting point is the stability of
the yeast DCCD binding protein oligomer (also
called subunit 9 oligomer) even in the presence of
SDS when using the Laemmli procedure (Fig. 1A).
To obtain information on the organisation of F0,
we undertook a topological study of the wild-type
complex and of mutated ATP synthases modi¢ed
by site-directed mutagenesis of genes encoding the
structural subunits. Thus, unique targets to cross-
linking and modi¢cation reagents were created.
This study was performed at three levels. The com-
plex was modi¢ed either in situ (mitochondrial mem-
branes), in Triton X-100 extracts containing a solu-
ble and active enzyme, or in the puri¢ed state. The
subunits 4 and f were chosen as starting point for
studying the structure and the organisation of this
part of the complex. For this, cysteine mutants
were constructed: (1) to determine the accessibility
of some parts of the subunits from the intermem-
Fig. 1. SDS-polyacrylamide gel electrophoreses of yeast ATP
synthase. (A) 15% polyacrylamide gel according to Laemmli
[43]. Lanes 1 and 2, 7 and 15 Wg protein, respectively. B: Tri-
cine-SDS-PAGE according to Scha«gger and Von Jagow [44].
Lanes 1 and 2, 16 and 32 Wg protein, respectively. The slab gels
were silver-stained.
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brane space, thus giving their orientation; and (2) to
identify the components that are in interaction.
3.2. Accessibility of subunits 4 and f from the
intermembrane space
The present study was designed to examine the
structure of the N-terminal part of subunit 4 (subunit
b), and particularly to localise a short hydrophilic
loop containing the amino acid residues 46^56 and
connecting the two postulated hydrophobic stretches
of amino acids [22,50]. We used yeast mutants in
which cysteines were introduced into subunit 4 by
site-directed mutagenesis. Four cysteine substitution
mutants were constructed, each containing a sole
cysteine residue at locations 47, 49, 54 and 55. The
mutant strains grew with lactate as carbon source,
thus showing that the phosphorylation process was
not altered. Furthermore, the mitochondrial oligo-
mycin-sensitive ATPase activities were not signi¢-
cantly modi¢ed. Preliminary experiments with Triton
X-100 extracts showed that the N-(7-dimethylamino-
4-methyl-3-coumarinyl)maleimide, which is a £uores-
cent hydrophobic maleimide reagent, labelled the
mutated subunits 4, but not the wild-type subunit
which is devoid of cysteine residue. Therefore, the
targets are freely accessible to the reagent and not
buried in the complex [34]. Of all the putative la-
belled subunits having a cysteinyl group in their se-
quence, only subunit 6 and the four mutated sub-
units 4 were £uorescent upon incubation of intact
mitochondria. More de¢nite evidence for the loca-
tion of the hydrophilic loop was provided by block-
ing sulfhydryl groups with water-soluble (non-perme-
ant) maleimides. Freshly isolated intact mitochondria
were reacted with MPB and AMDA. The water-solu-
ble maleimides MPB and AMDA labelled su.4D54C
and to a lesser extent su.6C23 (not shown), whereas
su.4N47C and su.4E55C were not accessible (L49C
mutant was not tested). This was shown by an in-
crease in the relative molecular mass of subunit 4
(Fig. 2A). Incubation of intact mitochondria with
¢rst AMDA then by MPB led to a protection of
su.4D54C from MPB-binding (Fig. 2B), thus show-
ing that the two maleimides were competitive to-
wards the sulfhydryl group of Cys-54. From these
data, we proposed that the hydrophilic loop contain-
ing the amino acid residues 46^56 of subunit 4 is
directed towards the mitochondrial intermembrane
space. Hydrophilic maleimides demonstrated more
precisely that Cys-54 of subunit 4 is exposed at the
outer surface of the inner mitochondrial membrane.
In addition, the £uorescent labelling of the sole cys-
teine (Cys-23) of mature subunit 6 showed an inter-
membrane space location of the N-terminal part of
subunit 6 [34].
A similar approach was used to determine the ori-
entation of a small subunit of F0 named subunit f.
This protein is a genuine component of the mito-
chondrial ATP synthase [12,17,18] The yeast subunit
f has been isolated [36]. It is composed of 95 amino
acid residues. From prediction methods, the yeast
subunit f appears as an integral inner membrane
protein that crosses the membrane once from amino
acid residues 67^85. Mutants S2C and G91C were
constructed, thus giving unique targets to cysteine
reagents since the wild-type subunit f is devoid of a
cysteinyl group. The two mutants grew with glycerol
or lactate as carbon source. When the mitochondrial
Triton X-100 extracts of both mutants were incu-
bated with MPB or AMDA, the subunit f was la-
belled as shown by a decreased mobility on SDS-
Fig. 2. Modi¢cation of subunit 4. Western blot analyses of
D54C immunoprecipitated ATP synthases. Freshly prepared mi-
tochondria (1 mg protein) were suspended in 0.1 ml of isolation
bu¡er whose pH was adjusted to 7.4 and incubated at 30‡C for
30 min with either 200 WM MPB prepared from a 1-mM stock
solution in the previous bu¡er or 3 mM AMDA. The reactions
were stopped upon addition of 2-mercaptoethanol and ATP
synthase was puri¢ed by immunoprecipitation. One tenth of the
solubilised immunoprecipitates was analysed. Before transfer,
the samples were separated by SDS-PAGE on a 15% polyacryl-
amide slab gel. Blots were reacted either with an antiserum
raised against subunit 4 (A) or with streptavidin horseradish
peroxidase (B).
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PAGE. This is due to the binding of maleimide re-
agents and is in favour of a similar accessibility of
both cysteinyl groups in the absence of the membra-
nous barrier (Fig. 3A). A kinetic of the labelling was
done with mitochondria prepared by the protoplast
method and stored at 370‡C after freezing in liquid
nitrogen. The labelling intensity was maximal after a
15-min incubation time at 30‡C. Su.fG91C was
highly labelled by AMDA, but this was not so for
su.fS2C (Fig. 3B). A similar result was obtained with
MPB (not shown). To obtain clear results, fresh mi-
tochondria were prepared and immediately incubated
with the non-permeant maleimide reagents. In these
conditions, su.fS2C was not modi¢ed, whereas
su.fG91C showed a decrease in its electrophoretic
mobility. As a consequence, the modi¢cation of
su.fS2C in Fig. 3B was the result of alterations of
the mitochondrial inner membrane during freezing
and thawing of mitochondria. Altering the electro-
phoretic mobility of small proteins upon binding of
the bulk maleimide reagents is an easy way to dem-
onstrate their accessibility [34,51,52]. Another way is
to identify the reagent itself. Streptavidin horseradish
peroxidase reacted highly with the MPB-labelled
su.fG91C (Fig. 3C), whereas no signi¢cant labelling
was observed upon incubation of fresh S2C mito-
chondria with MPB. These results clearly indicate
an intermembrane location of the C-terminus of sub-
unit f and a matrix location of the N-terminus, which
is in agreement with the data reported for the bovine
subunit on the basis of proteolytic cleavages [18].
3.3. Cross-linkings from subunits 4 and 6
Three reagents with di¡erent spacer arms were
used; ASIB, APDP and APA-Br with maximal
cross-linking distances of 18.8, 21 and 9 Aî , respec-
tively. The mutated subunits 4 modi¢ed in 47, 49, 54
Fig. 3. Orientation of subunit f with respect to the yeast inner mitochondrial membrane. (A) Western blot analysis of mitochondrial
Triton X-100 extracts. 0.375% Triton X-100 extracts (0.5 mg protein in 0.1 ml of isolation bu¡er at pH 7.4) were incubated or not
for 15 min at 30‡C with either 200 WM MPB or 3 mM AMDA. The reaction was stopped by addition of 2-mercaptoethanol. Proteins
(30 Wg) were separated by SDS-PAGE and transferred. The blot was incubated with polyclonal antibodies raised against subunit f.
The star (*) shows the modi¢ed subunit f. (B) Western blot analysis of S2C and G91C mutant mitochondria labelled by AMDA.
Thawed mitochondria (0.5 mg protein in 0.1 ml) were incubated for the indicated time with 3 mM AMDA at 30‡C. The reaction was
stopped by 2-mercaptoethanol addition and analysed as in A. (C) Western blot analysis of intact S2C and G91C mutant mitochon-
dria. Freshly prepared mitochondria (1 mg protein in 0.2 ml) were incubated for 15 min with either 3 mM AMDA or 200 WM MPB.
The reaction was stopped and samples (20 Wg protein) were analysed in the left part of the ¢gure as in A. In the right part of the ¢g-
ure, mutant ATP synthases were extracted by 0.375% Triton X-100 and puri¢ed by immunoprecipitation. One-tenth of the solubilised
immunoprecipitates was analysed. The blot was incubated with streptavidin horseradish peroxidase.
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and 55 were used to determine the neighbouring pro-
teins in F0. In a preliminary experiment, crude mito-
chondrial 0.375% Triton X-100 extracts of the four
mutants were reacted with ASIB and exposed to UV
light. Two cross-linked products migrating with rel-
ative molecular masses of 33 000 and 46 000 were
found in the D54C extract, but not in the N47C
extract. L49C and E55C mitochondrial extracts con-
tained only the 33-kDa product (Fig. 4A). The iden-
ti¢cation of the two neighbouring proteins was
undertaken by Western blot analyses from D54C mi-
tochondria. As subunit 4 has a molecular mass of
23 250 Da, the two neighbouring proteins displayed
apparent molecular masses of 10 and 23 kDa, respec-
tively. Similar cross-links were obtained by incuba-
tion of intact mitochondria with ASIB. Wild-type
subunit 4 was not modi¢ed by the reagent, whereas
three additional bands with relative molecular masses
of 50 000, 46 000 and 33 000 were recognised by our
anti-su.4 antibodies in D54C mitochondria (Fig. 4B).
The 33-kDa product was a heterodimer of sub-
units 4 and f (Fig. 4C) which is in agreement with
the sum of the respective molecular masses. The
band corresponding to 46 kDa was a heterodimer
of subunits 4 and 6 (Fig. 5). This band was obtained
with the three reagents, but subunits 4 and f were not
cross-linked by APA-Br which has the shorter arm (9
Aî ) [34]. Finally, the distance between D54C and sub-
unit 6 is very close because oxidation of crude D54C
mitochondrial Triton X-100 extracts and intact
D54C mitochondria by cupric 1^10 phenanthrolinate
also gave the immunoreactive band of 46 kDa, indi-
cating that Cys-54 of subunit 4 bound subunit 6 by a
disul¢de bridge involving the unique endogenous
Cys-23 of subunit 6 [34]. Another band migrating
in the range of 57 kDa and obtained essentially
with the 1% Triton X-100 extract was an hetero-
trimer of subunits 4, 6 and f (Fig. 5), which involved
either a ¢rst cross-link between su.4D54C and su.6
and a second cross-link between su.6C23 and su.f or
a ¢rst cross-link between su.4D54C and su.f and a
second cross-link between su.6C23 and su.4. Like
cysteine-54 of the su.4D54C mutant, we found that
the endogenous Cys-23 of subunit 6 could bind sub-
unit f upon incubation with ASIB. This result is
shown in Fig. 6 where the wild-type puri¢ed enzyme
was incubated with ASIB. In this case, a 6+4 dimer
was observed whereas the latter was not obtained
Fig. 4. Cross-linking between subunits 4 and f. 0.375% Triton X-100 (w/v) extracts (A) or yeast mitochondria (B,C) (1 mg protein in
0.1 ml of isolation bu¡er at pH 7.4) were incubated with 2 mM ASIB or not in the dark for 2 h at room temperature. The reaction
was stopped with 2-mercaptoethanol, samples were illuminated at 365 nm for 10 min and dissociated. Proteins (30 Wg) were separated
by SDS-PAGE and transferred. Blots were reacted with antibodies raised against subunit 4 (A,B) and against subunit f (C). WT,
wild-type control (no mutation). The numbers at the top of the ¢gures refer to the location of the mutation in subunit 4.
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with either wild-type mitochondria or wild-type
0.375% Triton X-100 extracts (Fig. 4B). Similarly,
we found that in the presence of APDP, the cross-
link between subunit f and su.4D54C was not ob-
tained with the D54C puri¢ed ATP synthase, where-
as it was obtained with D54C Triton X-100 extract
[13]. This indicates that Cys-23 of subunit 6 is ex-
posed di¡erently in the puri¢ed complex. An alter-
ation in the F0 structure of the puri¢ed enzyme due
to the puri¢cation procedure could also lead to slight
modi¢cations in the relative locations of subunits.
A 50-kDa band was detected in D54C (Fig. 4B)
and E55C mitochondria without incubation with the
cross-linking reagent (Fig. 7A). On the other hand,
the 50-kDa band was absent in N47C and L49C
mitochondria (not shown) and also in wild-type mi-
tochondria, whose subunit 4 is devoid of cysteine
residue. In addition, the 50-kDa band was not found
in the D54C puri¢ed ATP synthase (Fig. 7A). Other
experiments showed that the 50-kDa band was not
detected in Triton X-100 extracts, and an increase in
the detergent concentration did not solubilise the
protein, which was always found in the pellet after
ultracentrifugation [53]. Also, the intensity of the 50
kDa band was increased upon oxidation, and the
band disappeared upon reduction with 2-mercapto-
ethanol. In addition, the band was insensitive to a
50-mM NEM incubation prior to dissociation (not
shown), thus showing the existence in mutant mito-
chondrial membrane of a disul¢de bridge between
subunit 4 and another subunit having a molecular
mass of 20^25 kDa. The only subunits of yeast
ATP synthase having both this mass and a cysteinyl
group are oscp and subunit 6, but the 50 kDa band
did not react with antibodies raised against these two
proteins (not shown). On the other hand, a subunit 4
dimer linked by a disul¢de bridge via Cys-54 was
plausible. To con¢rm this, D54C mitochondria
were extracted according to a procedure previously
used in our laboratory for quantitative extraction of
subunit 4 [54]. Mutant mitochondria were incubated
with CuCl2 in order to increase the linkage amount,
then the crude extract was submitted to a two-dimen-
sional SDS-PAGE. Silver staining of the slab gel
revealed only one spot, which is in favour of a dimer
Fig. 5. Cross-linking between subunits 4 and 6. D54C mito-
chondria were solubilised with 0.375 and 1% Triton X-100 (TX-
100). The extracts were spun at 100 000Ug for 15 min at 4‡C.
Supernatants and pellets were incubated with 200 WM ASIB.
Proteins (30 Wg) were separated by SDS-PAGE and transferred.
Blots were reacted with antibodies raised against subunit 4 or
against subunit 6. M, D54C mitochondria (control without
ASIB); P, pellet ; S, supernatant.
Fig. 6. Cross-linking involving Cys-23 of subunit 6 and subunit
f. Puri¢ed wild-type ATP synthase (50 Wg in 0.1 ml) and a
D54C mitochondrial 0.375% Triton X-100 extract (0.5 mg pro-
tein in 0.1 ml) were incubated with 200 WM ASIB as in Fig. 4.
Proteins (11 Wg ATP synthase and 30 Wg Triton X-100 extract)
were separated by SDS-PAGE and transferred. Blots were re-
acted with antibodies raised against subunits 4, f and 6. (Ex,
0.375% Triton X-100 extract).
BBABIO 44852 24-5-00
J. Velours et al. / Biochimica et Biophysica Acta 1458 (2000) 443^456450
of subunit 4 (Fig. 7B). There is only one subunit 4
(subunit b) per mitochondrial ATP synthase
[23,53,55]. As a consequence, the results were inter-
preted as the proximity of ATP synthase complexes
within the inner mitochondrial membrane [53]. Such
an oligomeric state of the yeast enzyme has recently
been reported by Arnold et al. [49] by using the blue
native gel electrophoresis system. The absence of a
subunit 4 dimer in the D54C Triton X-100 extract
and in the puri¢ed D54C ATP synthase is likely due
to a destabilisation of the subunit 4 dimer which was
removed from the ATP synthase complexes having
these disul¢de bridges. As subunit 4 is an hydropho-
bic protein, the dimer is not soluble in detergents
other than SDS, so it was recovered in the pellet
after ultracentrifugation. Removing subunit 4, which
is a main component of the ATP synthase stator,
must a¡ect the activity of the complex, since it
should disconnect the catalytic and the membrane
sectors, as did disruption of the ATP4 gene [28].
Table 2 shows ATPase activities of both mitochon-
dria and Triton X-100 extracts. Solubilisation of
ATP synthase complexes was nearly maximal at
0.375% Triton X-100 (w/v). Higher detergent concen-
trations resulted in a decrease in the speci¢c ATPase
activities and also in an alteration of the coupling of
both ATP synthases. However, in the presence of
high Triton X-100 concentrations, the oligomycin-
sensitive ATPase activity of D54C extracts was
more signi¢cantly decreased than that of the wild-
type, thus showing an uncoupling between the cata-
lytic and the membranous domains.
3.4. Cross-linkings involving subunits 4, oscp and L
To obtain structural data, other cross-linking re-
agents can be used, but they involve the amino group
of lysine residues as target. For example, incubation
of wild-type mitochondrial Triton X-100 extracts
with DSP leads to many bands involving subunit 4.
The large number of lysine residues in subunit 4 ex-
plains this result (Fig. 8A). In this experiment, the
Fig. 7. Disul¢de bridge between two subunits 4. Mitochondria and puri¢ed D54C ATP synthase were incubated or not in the presence
of 200 WM ASIB as in Figs. 5 and 6. After irradiation at 365 nm, samples were dissociated and aliquots (30 Wg mitochondrial protein
or 11 Wg of ATP synthase) were submitted to Western blot analysis. The blots were incubated with polyclonal antibodies raised
against subunit 4. (B) Two-dimensional gel electrophoresis of a crude organic extract of D54C mitochondria incubated with 1.5 mM
CuCl2. The ¢rst electrophoresis was run on a rod gel (12U0.35 cm i.d.) containing a 15% running gel and a 7.5% stacking gel without
2-mercaptoethanol treatment. Second dimension, 15% SDS-PAGE. This was done after incubation of the rod gel at 65‡C for 20 min
with 2% 2-mercaptoethanol. The slab gel was silver-stained. WT, wild-type.
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increase in Triton X-100 concentration or the puri¢-
cation of the enzyme leads to modi¢cations of the
cross-linking pattern. Two bands migrating in the
range of 38 kDa are present in the cross-linked
0.375% Triton X-100 extract sample. However, they
were absent from 1 and 2% Triton X-100 extract
samples, whereas the 4+f dimer appeared in these
last two samples. The 38-kDa bands probably re£ect
Fig. 8. Cross-linking of subunit 4 and other components of the stalk from di¡erent locations of the subunit. (A) Wild-type Triton
X-100 extracts were incubated with or without 200 WM DSP for 30 min at 27‡C and puri¢ed wild-type ATP synthase was incubated
with or without 5 WM DSP. The reactions were stopped by Tris-HCl addition and aliquots were submitted to Western blot analyses.
(B,C) Mutant 0.375% Triton X-100 extracts were incubated with or without 200 WM APA-Br as in Fig. 4 and aliquots (30 Wg protein)
were analysed by Western blot. The blots were incubated with either anti-subunit 4 (A,B) or anti-oscp antibodies (C). The star (*) in-
dicates the su.4+L dimer.
Table 2
ATPase activities of yeast mitochondria and Triton X-100 extracts
Sample ATPase activity (Wmol Pi/min/mg protein) Remaining activity (%)
3Oligomycin +Oligomycin
Wild-type
None (mitochondria) 5.7 þ 0.2 0.5 þ 0.1 9
0.375% Triton X-100 6.8 þ 0.1 0.3 þ 0.1 4
1% Triton X-100 5.8 þ 0.1 0.3 þ 0.1 5
2% Triton X-100 5.9 þ 0.1 2.3 þ 0.1 39
D54C-mutant
None (mitochondria) 5.2 þ 0.1 0.9 þ 0.1 17
0.375% Triton X-100 8.4 þ 0.2 2.4 þ 0.1 28
1% Triton X-100 7.4 þ 0.4 2.6 þ 0.1 35
2% Triton X-100 6.9 þ 0.2 4.4 þ 0.3 64
Wild-type and su.4D54C mitochondria were extracted with Triton X-100. After ultracentrifugation (100 000Ug, 15 min), aliquots were
taken to determine protein amount and ATPase activity. The ATPase activities were measured at pH 8.4 [41]. Assays were performed
at 30‡C with the addition of 6 Wg oligomycin per ml where indicated. The speci¢c activity measured in intact mitochondria and in Tri-
ton X-100 supernatants is presented. Values reported are from three measurements with standard deviation.
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cross-links between subunit 4 and proteins loosely
bound to the complex. To identify the targets modi-
¢ed by DSP and since subunit 4 contains 20 lysine
residues, 20 di¡erent mutants each having a lysine
replaced by a cysteine were constructed. Preliminary
results showed that the su.4K209C (the last amino
acid residue) and su.4K174C were cross-linked with
oscp by APA-Br (Fig. 8B,C), thus giving a 45-kDa
dimer in agreement with previous results that showed
that the C-terminal end of the mitochondrial b-sub-
unit is involved in the binding with oscp [13,23].
Although the K151C mutant extract also gave a
45-kDa dimer, this band was not recognised by
anti-oscp antibodies. A su.4K174C+L dimer was
also identi¢ed in the molecular mass range of 70
kDa (Fig. 8B). With APA-Br, a 70-kDa band recog-
nised by anti-oscp was observed in the three mutants.
It probably re£ects a cross-linking involving the
unique cysteine (Cys-100) of oscp. At present, experi-
ments are under way with the 20 di¡erent mutants to
identify the partners cross-linked with subunit 4 (Fig.
8A) and the position in subunit 4 from which they
are cross-linked.
3.5. Cross-linkings involving subunit i
Subunit i is a small 59 amino acids component
with a mass of 6687 Da [48,56]. It is an amphiphilic
protein having a hydrophobic N-terminal part with a
unique postulated membrane-spanning segment from
amino acids 5 to 27 and a hydrophilic C-terminal
part. It is not apparently related to any subunit de-
scribed in other ATP synthases. Subunit i is associ-
ated to the complex; however, it is not a structural
component of the enzyme, but is rather involved in
the oxidative phosphorylation. The null mutant
shows a slow growth on non-fermentable medium.
Null mutant mitochondria display a low ADP/O ra-
tio and a decrease with time in proton pumping upon
ATP addition. We proposed that the observed de-
crease in the turnover of the null mutant enzyme
could be linked to a proton translocation defect
through F0 [48]. Preliminary experiments on the lo-
cation of the subunit were performed with the bi-
functional reagent DSP. Western blot analyses
showed two bands identi¢ed as heterodimers of sub-
units i and f and subunits i and 6 (Fig. 9). In addition
a 6+i dimer was obtained by cross-linking with APA-
Br (not shown). As subunit i is devoid of cysteine
Fig. 9. Cross-linkings involving subunit i. Wild-type mitochondria (mit.) and 0.375% Triton X-100 extracts (Ex.) were incubated with
the indicated concentrations of DSP as in Fig. 8. Aliquots (30 Wg protein) were submitted to a SDS-PAGE according to Sha«gger and
Von Jagow [44] and transferred. The blots were revealed with polyclonal antibodies raised against subunits 4, f and 6.
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residue, the endogenous Cys-23 of subunit 6 was in-
volved in the cross-linking. As a consequence, the
¢rst hydrophobic segment of subunit 6 and subunit
i are likely in contact, since the zero cross-link re-
agent EDC also gives such a dimer (not shown). At
present, experiments are under way to determine: (1)
which lysine residues of subunit i are involved in the
cross-link with subunits 6 and f; and (2) the part of
the molecule involved in the coupling defect observed
in the null mutant.
4. Conclusion
The combination of cysteine-generated mutants,
non-permeant maleimide reagents and cross-linking
reagents is now giving new insights into the mito-
chondrial ATP synthase F0 domain. The starting
point of our studies is subunit 4 (subunit b) an es-
sential component of the stator of the enzyme be-
cause it is involved in the structural coupling between
F1 and other components of F0. Fig. 10 shows a
representation of the yeast F0 dimer. The transmem-
branous K-helices of F0 components are viewed from
the intermembrane space. Subunit 4 displays two
transmembranous K-helices called 4-1 and 4-2. Sub-
unit 6 is shown with ¢ve membrane-spanning seg-
ments on the basis of prediction methods [57] (the
Tmpred program of the ISREC (Swiss Institute for
Experimental Cancer Research) was used), and re-
cent topological results reported on the homologous
E. coli subunit a [51,52]. The unique K-helix hydro-
phobic domains of subunits f and i are placed in
interaction and also in contact with the ¢rst mem-
brane-spanning K-helix of subunit 6 and far enough
from D54C of subunit 4, in agreement with cross-
links involving ASIB, DSP, APA-Br and EDC. The
DCCD binding protein oligomer (subunit 9 oligo-
mer) is likely in contact with K-helices 6-4 and 6-5
which are involved in proton translocation in E. coli.
We have never found cross-linked products involving
both subunits 4 and 9. Similarly, the location of sub-
unit 8, another intrinsic component of the yeast F0
has not been precisely determined so far. However,
Belogrudov et al. [18] reported cross-links between
bovine subunit A6L (subunit 8) and subunit f. The
K-helix 4-2 of subunit 4 has been placed in contact
with K-helices 6-4 and 6-5 on the basis of proton
dissipating pathways occurring in su.4L68V69CRE
mutant [29]. It is possible that the dimerisation of the
yeast enzyme in the membrane occurs by contacts at
the level of the second transmembrane K-helix of
subunit 4. Also, the Cys-23 of subunit 6 is close to
the D54C of subunit 4, thus allowing a disul¢de
bond to occur under oxidative conditions. We have
recently shown that there is no signi¢cant ATPase
Fig. 10. Schematic representation of the yeast F0 dimer. Circles represent the transmembranous K-helices of subunits 4, 6, i and f ob-
served from the intermembrane space. The grey circles represent the two membrane-spanning segments 4-1 and 4-2 of subunit 4. The
black circles are the cysteine residues that are accessible to non-permeant maleimide reagents in intact mitochondria.
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activity decrease in the su.4D54C puri¢ed enzyme
having either a spontaneously or induced 6-4 cross-
link [34]. As a consequence, subunits 4 and 6 do not
display large relative movements during catalysis.
This is in agreement with the model of Duncan et
al. [58] where the E. coli b-subunits function as a
stator forming a rigid connection between the K-L
subunits and the a-subunit outside a ring of rotating
DCCD-binding proteins (Fig. 11). In this schema,
positions 174 and 209 are placed close to oscp and
a L-subunit because of the cross-linked products ob-
tained with the heterobifunctional reagent APA-
Br.
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